Neurons in the portion of the human thalamic reticular nucleus (RT) associated with the prefrontal cor tex and mediodorsal thalamic nuclei were found to be selectively vulnerable to ischemic neuronal damage fol lowing relatively short (:oS5-min) duration cardiac arrest. In contrast, selective sparing of these RT neurons oc curred in cases with longer (> lO-min) duration of arrest that was sufficient to produce extensive ischemic neuro nal damage throughout the cerebral cortex and thalamic relay nuclei. The selective degeneration of RT neurons appears to require the sustained activity of corticotha-
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projections from thalamic relay neurons in the form of collaterals from the thalamocortical projections (Scheibel and Scheibel, 1966; Yen and Jones, 1983; Harris, 1987) . Corticothalamic projections to the re lay nuclei also give off collaterals that terminate in the RT (Carman et aI. , 1964; Ohara and Lieberman, 1985) . Cortical and thalamic projections to the RT both appear to use an excitatory amino acid, such as glutamate or aspartate, as the neurotransmitter at their respective synapses (Rinvik and Ottersen, 1988) . The RT also receives a significant cholinergic projection, partly from the brains tern reticular for mation but largely from the nucleus basalis of Mey nert in the basal forebrain (Dingledyne and Kelly, 1977; Berry et aI. , 1986) .
Disruption of the cholinergic projection to the RT from the basal forebrain in Alzheimer's disease has been postulated to contribute to attentional deficits in these patients (Tourtellotte et aI. , 1990) , and the actual loss of RT neurons has been suggested to underlie some types of posttraumatic and postisch emic attentional deficits (Ross and Duhaime, 1989; Ross et aI. , 1990 Ross et aI. , , 1993 . Attentional deficits have long been recognized as an invariable consequence FIG. 1. Schematic coronal section through the thalamus at the level of the MD and VL where RT lesions were found (Hirai and Jones. 1989) . Neuronal loss was seen in the dorsal (d) and middle (m) regions of the RT in nine cases and in the ventral (v) third of the RT in four cases. LD. laterodorsal nucleus; Pf. parafascicular nucleus; for other abbreviations see the text. of damage to the prefrontal cortex (Rylander, 1939; Mishkin, 1957; Pribram et al. , 1964; Luria, 1966) , but persisting attentional deficits can occur in the absence of mass lesions to the frontal cortex foIl ow ing either cardiac arrest (Longstreth et al. , 1983; Volpe and Hirst, 1983) or head injury (Stuss et al. , 1985; Gronwall, 1989) . These cognitive deficits, characterized by patient complaints of an inability to concentrate and easy distractibility, represent one of the major reasons many survivors of cardiac arrest are unable to operate at former levels follow ing return to work or school and prevent many oth ers from making the return (Kareken et al. , 1992) . The loss of cortical control in the direction of some types of attentional processes due to the death of neurons in associated regions of the RT may under lie some types of attentional deficits that develop following cardiac arrest. RT neurons have been found to be highly vulnerable to selective ischemic neuronal damage in several rodent global ischemia models (Smith et al. , 1984; Blomqvist and Wieloch, 1985; Ross and Duhaime, 1989; Kawai et al. , 1992) , but appear to be almost selectively spared in other commonly used global ischemia models (Pulsinelli et al. , 1982; Lin et al. , 1990) . To establish whether the human RT is selectively vulnerable to ischemic damage, the brains of human cardiac arrest patients were examined for evidence of selective neuronal loss or sparing in the RT.
METHODS
The brains of 28 human cardiac arrest patients were examined for evidence of loss or sparing of neurons in the RT. These cases included the brains of cardiac arrest pa tients in the J. B. Brierley collection and others from the Southern General Hospital in Glasgow, Scotland. The brains had been blocked, the blocks embedded either in celloidin or paraffin, and sections cut at 10-20 fLm. Rep resentative sets of sections from each block were stained using cresyl violet, hematoxylin and eosin, Palmgrens sil ver technique, and Luxol fast blue with cresyl violet counterstain. For this study, sections at the level of the thalamic mediodorsal (MD) and ventrolateral (VL) nuclei were examined (Figs. 1 and 2). The criteria used to score the extent and severity of RT and cortical lesions are given in Table 1 . Examination of case notes was made following the histological analysis to determine the dura tion of arrest (if recorded), patient age, and survival. The notes were also used to establish the presence of any complicating conditions including hypothermia or hyper thermia during either the pre-, inter-, or postoperative periods; hypotension (MABP < 50 mm Hg); hypoxia (P a02 levels < 80 mm Hg); or histological evidence of hypoxic brain damage in any of the cases examined. Data on the severity and extent of RT and frontal cortical le sions, patient age, arrest duration, survival, and presence of complicating conditions are presented in Table 2 .
RESULTS
Two basic patterns of neuronal loss were seen. In 11 cases (nos. 1-11 in Table 2 ), selective loss of neurons in the RT at the level of the MD and VL was evident. Loss of one-third to one-half of the RT neurons in affected regions ( Fig. 3D and E) was accompanied by an astrocytic reaction and a mini mal microglial proliferation (Fig. 3F ). The lesions typically had a center region in which there was almost complete RT neuronal loss. These were sur rounded by narrow regions, usually one to two RT neuronal clusters wide, in which partial neuronal loss was evident. In most cases, the lesions were seen in the dorsal and middle regions of the RT and neurons in the ventral third of the nucleus were generally spared ( Fig. O . These cases were charac terized by essentially complete sparing of neurons in the MDIVL and frontal cortex. The exception was one case where a moderate-sized infarct was present unilaterally in the VL but did not extend into the RT. In all of these cases, the RT lesions appeared to be bilateral and approximately symmet rical. Selective loss of hippocampal neurons was also present in 10 of these 11 cases and was re stricted to the CAl region in seven cases.
In 14 other cases (nos. 15-28 in Table 2 ), the RT appeared completely intact ( Fig. 4 ), but there had been almost total neuronal loss from the MD and VL (Fig. 6 ) as well as from frontal regions of the cerebral cortex, particularly within the deep layers V and VI ( Fig. 5 ). Within the cortical and thalamic lesions, few neurons were spared and hypertro phied astrocytes were evident. In sections stained with hematoxylin and eosin, the cortex and dorsal thalamus were composed entirely of eosinophilic neuronal profiles. All of these patients had been maintained on ventilators since the cardiac arrest and exhibited the classic signs of "respirator brain. " These cases were also characterized by more ex tensive hippocampal lesions, which included almost complete neuronal loss in the CAl ' CA3, and CA4 regions in 12 of 14 cases and further extended into the CA 2 and the dentate gyrus in six of 14 cases.
In the remaining three cases (nos. 12-14 in Table  2 ), the RT was characterized by both selective loss and selective sparing. Selective RT neuronal loss was seen in a pattern opposite that seen in the first group: The dorsal and middle two-thirds of the RT appeared to have been completely spared and se lective neuronal loss was restricted to the ventral 1993 third of the RT (Fig. O. In two of these cases, there were extensive lesions in the frontal cortex, extend ing through layers V and VI. There was, however, essentially complete sparing of relay neurons in the VL, thalamic ventroposterolateral nucleus (VPL), and associated cortical neurons in the motor and somatosensory cortical areas in these cases. Both cases also had extensive lesions in the MD, due in one case to an infarct in the central thalamus (case 12), and retrograde degeneration in the other (case 13). In the third case (no. 14), there was an exten sive lesion of the frontal and motor cortex and as sociated retrograde degeneration of the MD and VL and sparing of the associated region of the RT. A lesion was seen in the caudal RT at the level of the VPLldorsal lateral geniculate nucleus, associated with spared neurons in the VPL and somatosensory cortex.
In five cases, cardiac arrest occurred under hy pothermic (22-26°C) conditions, as part of surgical procedures for open heart surgery. Selective RT le sions were seen in all five cases and the thalamic relay nuclei (MD and VL) and the cortex of the frontal lobes appeared essentially normal in each case. In seven cases, hyperthemia (core tempera ture > 10 1 OF or > 38°C) was noted either prior to, during, or immediately after the cardiac arrest (Ta ble 2). In six of these seven cases, there were ex tensive lesions in the frontal cortex as well as the MD and VL, but the RT was spared.
Although reliable and accurate information on the duration of arrest was not available in each case, from those cases where information was available it was clear that in the absence of intraoperative hy pothermia, (a) cases that had sustained brief ( :;;; ; 5min) cardiac arrest all had RT lesions (n = 8; Table  2 ) and (b) cases in which the duration of cardiac arrest was either documented or estimated to be ;?: 10 min were all characterized by extensive corti cal and thalamic neuronal loss with sparing of the RT (n = 6; Table 2 ). The age of the patients ranged from 1 to 74 years; six cases were from a pediatric population (:s; 16 years old, mean age 5.6 years), eight cases were from a young adult group (17-44 years, mean age 26.3 years), and 14 cases were from an older adult population (;;=:45 years, mean age 55.6 years). Se lective RT lesions were found in 3 of 6 pediatric cases and 11 of 22 adult cases. Extensive neuronal loss in the frontal cortex and the MD/VL with RT neuronal sparing was seen in six of eight patients from the young adult group and seven of 14 patients from the older adult group. The mean duration of survival was 17 days and ranged from 55 h to 5 months ( Table 2 ). The mean duration of survival for cases with selective RT loss was 35.4 ± 59.1 (SD) days, clearly longer than the 4.5 ± 2.4--day mean survival for cases with RT sparing but significant only at the p < 0.1 level.
DISCUSSION
The region of the human RT associated with the prefrontal cortex and MD clearly demonstrates se- lective neuronal loss following cardiac arrest of short ( ,,;;; 5-min) duration. Selective RT loss has not been previously documented in the clinical isch emia literature, perhaps because it is so easily over looked. Unless the RT is either the focus of study or highlighted through the use of techniques such as immunohistochemistry for GABAergic markers, the neurons of the RT may appear to blend with the lateral margins of the thalamic relay nuclei in nor mal brains, and RT lesions blend with the internal capsule in brains where RT neuronal loss has oc curred. Selective RT neuronal sparing occurred in cases where the duration of the ischemic episode was suf ficient to produce extensive damage to deep cortical and thalamic relay neurons. Many of these patients never recovered consciousness; all were main tained on a respirator and died within 9 days of the initial cardiac arrest. The appearance of the lesions in the cerebral cortex and dorsal thalamus was con sistent with "respirator brain," which is generally accompanied by decreased or absent reflow to the forebrain following cardiac arrest (Brierley and Graham, 1984) . The thalamic lesions in these cases appeared to be the consequence of primary isch emic degeneration as the relatively short (2-9 days) survival of these patients was insufficient time for the process of thalamic retrograde degeneration fol lowing human cortical injury to have matured to the point of complete neuronal loss (Ross and Ebner, 1990) . Similar patterns of cortical and thalamic le sions with RT sparing have been reported in several rodent global ischemia models (Pulsinelli et aI., 1982; Lin et aI., 1990) . The fact that the highly vul nerable RT neurons were selectively spared in cases of more prolonged cerebral ischemia presents an interesting paradox: How can the RT be selec tively vulnerable to death following short periods of complete ischemia and selectively spared following ischemia of longer duration?
This apparent paradox may have a simple expla nation that provides an important insight into the mechanisms of delayed ischemic neuronal damage. Global ischemia appears to trigger the release of excitatory amino acids from glutamatergic axonal terminals throughout the brain (Benveniste et aI., 1984; Globus et aI., 1991) , including from thalamo cortical and corticothalamic collaterals in the RT (D. T. Ross et ai., unpublished observations) . This pathological release with its consequent overactiva tion of postsynaptic receptors and Ca 2 + influx may represent only the initial phase in an excitotoxic component of ischemic damage (Fig. 7) . Glutamate or other endogenous excitatory amino acids re leased by ischemia are not alone sufficient to bring about delayed neuronal degeneration, as a similar transient increase in extracellular glutamate is de tected in both highly vulnerable and less vulnerable brain regions (Globus et aI., 1991) . In conditions where extracellular glutamate is only very tran-.
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: .. siently elevated to moderate levels, i.e., during complete ischemia or cardiac arrest of �5-min du ration, it appears that a second phase of sustained excitatory driving may be necessary to produce the delayed degeneration of vulnerable neuronal popu lations. Selective RT neuronal death may be the inevitable consequence of the resumption of even normal synaptic activity to the RT following isch emia.
Complete ischemia of long duration is accompa nied by a prolonged period of extremely elevated extracellular glutamate levels in the cerebral cortex (Butcher et aI., 1990) and produces similar eleva tions in the dorsal thalamus (Ross, 1988) . These conditions apparently trigger rapid catastrophic ex citotoxic damage of thalamic relay and neocortical pyramidal and nonpyramidal neurons analogous to that described in tissue culture under conditions of prolonged exposure to extremely high glutamate concentrations (Rothman, 1985; Choi, 1987) . RT sparing may occur following cardiac arrest of longer duration because the RT neurons have lost two of their primary excitatory afferents due to the death of corticothalamic pyramidal neurons in layers Va and VI and thalamic relay neurons in the MD and VL ( F ig. 7). As a consequence, the deafferented RT is not subjected to the second phase of sustained pathological overexcitation and RT neurons escape death under conditions that are fatal for virtually every other neuron in the forebrain.
Lesions in the pathways of their excitatory inputs similarly protect hippocampal CAl neurons in ex perimental models of global ischemia ( W ieloch et aI., 1985; Onodera et aI., 1986; J�rgensen et aI., 1987; Benveniste et aI., 1989) . Protection of human hippocampal CAl neurons from ischemic damage following cardiac arrest was evident in some cases from the present study where lesions were present in the entorhinal cortex (D. T. Ross and D. 1. Gra ham, unpublished observations) . The loss of neu rons that give rise to the glutamatergic perforant path projection to the hippocampus in these pa tients may have prevented the sustained pathologi cal overexcitation of CAl neurons. Further support for the necessity of a second phase of sustained glutamatergic excitation in delayed excitotoxic de generation is provided by the finding that non-N methyl-D-aspartate-type excitatory amino acid an tagonists administered up to several hours following experimental global ischemia protect hippocampal CAl neurons from delayed degeneration in rodent global ischemia models (Sheardown et al., 1990; NeUgard and Wieloch, 1992) .
The presence of RT lesions outside the dorsolat eral region, also frequently seen in human head in jury cases with frontal contusions , suggests that RT neurons associated with the prefrontal cortex are only relatively more vulnera ble than RT neurons associated with other cortical and thalamic areas. The topography of RT neuronal loss in rodent models of global ischemia is very dif ferent from that seen following human cardiac ar rest. RT lesions in rat global ischemia models are more extensive and most prominent in regions as sociated with somatosensory and auditory thalamic and cortical areas (Ross and Duhaime, 1989; Kawai et aI., 1992) . The basis of the variability in patterns of ischemic RT neuronal damage is unknown, but it may reflect regions of the brain that exhibit higher levels of electrical or metabolic activity during the acute reperfusion period. RT lesions produced in rodent global ischemia models have been postulated to underlie an at least transient increase in postisch emic seizure susceptibility (Blomquist and Ross and Duhaime, 1989) , but the present re sults do not confirm a similar seizure susceptibility associated with RT lesions following human cardiac arrest.
Both of the two longest surviving cases with se lective RT lesions had deficits in sustained atten tion, characterized by easy distractibility and diffi culty in concentrating. Lesions in the prefrontal cortex or the MD produce deficits in sustained at tention (Stuss et aI. , 1985; Goldman-Rakic, 1987; Fuster, 1989) , but survivors of cardiac arrest or head injury who do not have lesions in their frontal cortices or MD also have a high incidence of deficits in sustained attention (Longstreth et aI., 1983; Volpe and Hirst, 1983; Kareken et aI. , 1992) . Abo lition of the RT's lateral inhibition of MD relay neu rons and a resultant dysfunction in thalamic and cortical processing would be the expected conse quence of RT neuronal loss from the MD-prefrontal cortical circuitry. Neuronal dysfunction in the so matosensory thalamus and cortex, manifest as ab normally increased receptive field size, has been found to be the consequence of selective chemical lesions of the rat RT made by intrathalamic injec tion of kainic acid (Lee et aI. , 1992) , and the per sisting behavioral consequence of these RT lesions is inattention to tactile, auditory, and visual stimuli (Friedberg and Ross, 1993) . Electrolytic lesions of the rat RT have also been reported to adversely affect performance on conditioned avoidance tasks, one type of test used to assess attention in rodents (Klingberg and Klingberg, 1982) . Although un equivocal correlation of RT neuronal loss with hu man posttraumatic or postischemic attentional def icits will require prospective studies in which there are sufficient data from cognitive testing and avail able pathological material, the postulate that RT neuronal loss may produce post-cardiac arrest at tentional deficits is a logical corollary of Crick's search-light hypothesis (1984) and a reasonable de duction from our results and the known anatomical and physiological properties of the RT.
It appears that moderate to profound intraopera tive hypothermia is not sufficient to prevent the se lective loss of RT neurons following human cardiac arrest. Although there are reports of a slight protec tive effect of mild hypothermia for RT neurons in one experimental rodent model of transient global ischemia (Minamisawa et aI. , 1990) , a lack of neu roprotection is seen when moderate to profound hy pothermia accompanies ischemia in the cisternal in fusion model (Ross and Duhaime, 1989) . These findings suggest that the RT may be more at risk than other cerebral structures following accidental cardiac arrest or elective surgery involving cardiac arrest. Effective neuroprotection for the highly vul nerable RT neurons in these cases may require pharmacological augmentation of intraoperative or interischemic hypothermia to arrest the pathologi cal process and prevent its neurological sequelae.
